Introduction
============

T cell acute lymphoblastic leukemia (T-ALL) is caused by clonal expansion of variant T cell progenitors, and is considered as a high risk leukemia which accounts for around 15% of acute lymphoblastic leukemia cases in children and up to 25% in adults.[@b1-ijn-12-8025] With contemporary chemotherapy, the complete remission rate is as high as 85% in children, but it is not ideal in adults.[@b2-ijn-12-8025] Only 15%--25% of adult T-ALL patients get a good prognosis after relapsing, and the 5-year survival rate is less than 50%[@b3-ijn-12-8025]. Therefore, there is an urgent clinical need for more effective therapies for treatment of T-ALL patients.

Currently, there are various kinase inhibitors which have been launched or are in development that target various signaling pathways of cell growth and differentiation. This class of kinase inhibitors is able to impede malignant cell differentiation and proliferation, but is unable to eliminate malignant cells as well as conventional chemotherapy.[@b4-ijn-12-8025] However, a combination of kinase inhibitors with chemotherapy drugs has the potential to yield synergistic effects and improve clinical outcome. *IRAK4* can activate various transcription factors to promote T cell survival or proliferation.[@b5-ijn-12-8025] IRAK1/4 inhibition has been shown to significantly impair malignant T cell line proliferation, but has no significant effects on cell viability of malignant T cells in vitro.[@b6-ijn-12-8025]--[@b9-ijn-12-8025] When combining IRAK1/4 inhibitor with therapeutic compounds, the cytotoxic activity of various types of antileukemic drugs was augmented by IRAK1/4 inhibitor. ABT-737, an agent that disrupts microtubules, has the best synergistic effect with IRAK1/4 inhibitor in killing T-ALL cells due to the combination of BCL2 and BCL-xL impairment by ABT-737 and the dramatic decrease of MCL1 levels by IRAK1/4 inhibitor.[@b7-ijn-12-8025],[@b10-ijn-12-8025]--[@b12-ijn-12-8025]

Despite the improvement in cytotoxic effect on malignant T-ALL cells by the combination of the IRAK1/4 inhibitor and ABT-737, a nanoparticle based drug delivery system has been proven to increase the effect of chemotherapy drugs through enhancing permeability and retention in tumor cells, improving pharmacokinetic profiles, and reducing side effects.[@b13-ijn-12-8025]--[@b18-ijn-12-8025] Therefore, here we co-encapsulated IRAK1/4 inhibitor and ABT-737 into biodegradable and biocompatible polyethylene glycol (PEG) modified poly (lactic-co-glycolic acid) (PEG-PLGA) polymer nanoparticles (IRAK/ABT-NP) as a novel and advanced therapy strategy for T-ALL treatment. The efficacy of IRAK/ABT-NP was assessed in a T-ALL cell line xenograft mouse model.

Materials and methods
=====================

Materials
---------

IRAK-1/4 Inhibitor I was purchased from Sigma-Aldrich Co. (St Louis, MO, USA). ABT-737 was purchased from Abcam (Shanghai, China). RPMI 1640 and FBS were obtained from Thermo Fisher Scientific (Waltham, MA, USA). FITC-AnnexinV and 7-AAD were ordered from Invitrogen (Thermo Fisher Scientific). PEG-PLGA was purchased from PolySciTech (West Lafayette, IN, USA). Other chemical reagents were purchased from Sigma-Aldrich Co.

Preparation of IRAK/ABT-NP
--------------------------

IRAK/ABT-NP containing IRAK1/4 inhibitor and ABT-737 were prepared by emulsion-solvent evaporation method.[@b19-ijn-12-8025] In brief, PLGA polymer, IRAK1/4 inhibitor, and ABT-737 were dissolved in 3 mL of acetonitrile, and emulsified in 12 mL of 2% (w/v) poly(vinyl alcohol) solution. Emulsification was performed using a micro-tip probe sonicator (VC505; Vibracell Sonics, Newtown, CT, USA) with 70 W of energy output for 3 min over an ice bath. The emulsion was stirred for 16 hours at room temperature to evaporate organic solvent and get solid nanoparticles. Nanoparticles were collected by ultracentrifugation at 30,000 rpm for 30 min at 4°C (Sorvall Ultraspeed Centrifuge; Kendro, Weaverville, NC, USA) and washed twice with distilled water followed by lyophilization for storage.

Experimental design
-------------------

Box-Behnken design and response surface methodology (BBD-RSM) was used to optimize IRAK/ABT-NP.[@b20-ijn-12-8025] According to reviewed studies, the following variables were selected: polymer concentration, ratio of oil phase to water phase, and emulsifier concentration. For each variable, three levels were chosen for Box-Behnken experiment design, as shown in [Table 1](#t1-ijn-12-8025){ref-type="table"}. Drug loading was measured as response values (Y). Minitab 18 software was applied for experimental design. The effects of independent variables on the responses were evaluated using analysis of variance (ANOVA), with statistical significance established at *p*\<0.05.[@b21-ijn-12-8025] The fitness of model was evaluated by calculating predicted and adjusted correlation coefficient (*R*^2^). To display the experimental region and effects of independent variables on the response, three-dimensional response surface graphs and contour plots were drawn. To verify the optimal formulation, the experiment was conducted in triplicate responses to evaluate accuracy of the predicted value.

Scanning electron microscopy (SEM)
----------------------------------

Morphology of IRAK/ABT-NP was analyzed by SEM. IRAK/ABT-NP were suspended in deionized water. A drop of the suspension was put on a glass slide until it dried at room temperature. Then, the dried samples were sputtered with gold and placed on a copper stub. SEM images were acquired at 5 kV sputtering energy under high vacuum.

Transmission electron microscopy (TEM)
--------------------------------------

The internal structure of IRAK/ABT-NP was characterized by TEM. IRAK/ABT-NP were suspended with deionized water. A drop of the formulation was placed on a carbon coated copper grid. Then, the samples were negatively stained with 2% phosphotungstic acid. After drying, TEM images were acquired at a voltage of 120 kV under a microscope.

Assessing drug loading of IRAK1/4 inhibitor and ABT-737
-------------------------------------------------------

Reverse phase-High-performance liquid chromatography (RP-HPLC) was used to estimate the amount of encapsulated IRAK1/4 inhibitor and ABT-737 in IRAK/ABT-NP. An amount of 2 mg of lyophilized IRAK/ABT-NP was dis-solved in 1 mL of DMSO solution.[@b22-ijn-12-8025] The sample was sonicated for 2 min and then centrifuged for 10 min at 10,000 rpm and the supernatant was analyzed by RP-HPLC. A mobile phase including 0.1% H~3~PO4 in acetonitrile and 0.1% H~3~PO4 in water was utilized.[@b22-ijn-12-8025] The ratio of acetonitrile and water was 90:10 (v/v). A quaternary pump was used to deliver the mobile phase at a flow rate of 0.8 mL/min at 25°C. ABT-737 levels were measured by UV detection at 300 nm. IRAK1/4 inhibitor levels were measured by UV detection at 254 nm. A standard curve of IRAK1/4 inhibitor and ABT-737 also needed to be established under the same conditions. The amount of IRAK1/4 inhibitor and ABT-737 in nanoparticles can be estimated by correlating the peak area with the standard curve. The result was divided by the total amount of drug supplied in the formulation and then multiplied by 100 to calculate the drug loading of IRAK1/4 inhibitor and ABT-737. All analyses were performed in triplicate.

Particle size analysis and zeta potential measurement
-----------------------------------------------------

The hydrodynamic diameter was measured with dynamic light scattering (DLS), and zeta potential (mV) was determined by laser Doppler anemometry (LDA). A Malvern Zetasizer was used to perform the DLS and LDA analyses. IRAK/ABT-NP were diluted with double distilled water into a suspension to reach a concentration of 50 ng/mL and sonicated for 30 s in an ice bath. Particle size and zeta potential were measured with the Malvern Zetasizer. All measurements were performed in triplicate.

In vitro release study
----------------------

In vitro release of either IRAK1/4 inhibitor or ABT-737 from optimized IRAK/ABT-NP was carried out with a dialysis method. Before the experiment, dialysis membranes (molecular weight cut-off 10 kDa) were immersed in distilled water overnight at room temperature and rinsed thoroughly to remove the preservative. After IRAK/ABT-NP were put inside, the dialysis bag was sealed tightly. Then, it was immersed in a medium consisting of 50 mL of PBS (0.01 M, pH 7.4) containing 0.1% v/v of Tween 80 (to ensure a sink condition) and kept in a shaking incubator at 37°C and 100 rpm.[@b23-ijn-12-8025] At scheduled time intervals, 0.5 mL of medium was taken out from the shaking incubator, and the same volume of fresh medium was added immediately. The samples were dissolved in 1 mL of acetonitrile solution. The content of IRAK1/4 inhibitor or ABT-737 in the diluted sample was analyzed by RP-HPLC method, described in the "Assessing drug loading of IRAK1/4 inhibitor and ABT-737" section. The experiment was performed in triplicate.

Cell culture
------------

Human T cell leukemia cell line (Jurkat) was provided by (Yanyu Biology Technology Co., Ltd, Shanghai, China) and cultured in RMPI 1640 media supplemented with 10% FBS, and 1% penicillin-streptomycin, in an incubator at 37°C, in a humidified, 5% CO~2~ atmosphere. Chemicals for cell culture were purchased from Sigma-Aldrich Co.

Cellular uptake by fluorescence spectrophotometry
-------------------------------------------------

Fluorescently labeled IRAK1/4 inhibitor was used to measure uptake of IRAK/ABT-NP in Jurkat cells. Jurkat cells were seeded in a plate with four chambers and incubated at 37°C.[@b24-ijn-12-8025] The cells were treated, respectively, with IRAK1/4 inhibitor and ABT-737 combined solution, or IRAK/ABT-NP with the same concentration of drugs. The cells were incubated for 4 hours and then washed three times with PBS to remove drugs and particles. Next, the cells were stained with N, N-Diisopropylethylamine for 5 min and washed three times. A fluorescence microscope was used to observe the uptake of IRAK/ABT-NP in Jurkat cells.

Cytotoxicity study
------------------

The cytotoxicity studies were analyzed by MTT based colorimetric assay. Different concentrations of IRAK1/4 inhibitor and ABT-737 in solution and in IRAK/ABT-NP were tested.[@b25-ijn-12-8025] Jurkat cells were seeded in 96-well plates and incubated for 24 hours. The cells were treated with each concentration of drugs and incubated for 48 hours. PBS treated cells were set as controls. The medium was removed carefully after centrifugation and supplemented with fresh medium (100 µL). Then, 10 µL of 5 mg/mL MTT was added to each well and incubated for 3 hours at 37°C. The medium was removed after centrifuging again and 100 µL of DMSO was added to each well. A 96-well format ELISA plate reader was used to measure the absorbance at 590 nm with a reference filter of 620 nm. The results were analyzed by comparing the percentage of metabolically active cells in the treated groups with control cells.

Apoptosis analysis by flow cytometry
------------------------------------

Apoptosis was analyzed with Annexin V-FITC/7-AAD double staining. Briefly, Jurkat cells (1×10^5^ cells/mL) were seeded in 6-well plates and treated with PBS, IRAK1/4 inhibitor, ABT-737, combined treatment, and IRAK/ABT-NP with an equivalent concentration of ABT-737 for 24 hours. Then, cells were stained with Annexin V-FITC/7-AAD dye according to manufacturer's instructions. Cells treated with PBS were set as the control. Finally, cells were harvested and run through the flow cytometer.[@b26-ijn-12-8025]

Mice
----

Jurkat cells (3×10^6^) were injected intravenously into 40 female NPG mice (Beijing Vitalstar Biotechnology, Beijing, China) to generate human cell line xenograft T-ALL mouse models.[@b27-ijn-12-8025]--[@b29-ijn-12-8025] After 7 days, the mice were treated with IRAK inhibitor (10 mg/kg), ABT-737 (40 mg/kg), IRAK inhibitor and ABT-737 combined solution (10 mg/kg IRAK inhibitor and 40 mg/kg ABT-737), IRAK/ABT-NP (10 mg/kg IRAK inhibitor and 40 mg/kg ABT-737), or PBS as control, two times every week.[@b5-ijn-12-8025] After 4 weeks, peripheral blood samples from each treated group of mice were taken for counting white blood cells (WBC) and staining in accordance with the Wright-Giemsa method. All animal studies described were in accordance with guidelines determined by the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals, and approved by the Committee on the Ethics of Animal Experiments of Tongji Medical College, Huazhong University of Science and Technology.

Statistics
----------

Statistical analysis was performed using the SPSS software (11.5). Statistical significance (*p*\<0.05) before and after treatment was evaluated using the paired Student's *t*-test. The differences between the groups were assessed with ANOVA.

Results
=======

Optimization of formulation for IRAK/ABT-NP
-------------------------------------------

IRAK/ABT-NP were prepared from PEG-PLGA polymer using an emulsion-evaporation method. To reduce the injection amount of polymer, IRAK/ABT-NP should have drug loading as high as possible. The response surface methodology was performed to obtain the optimal formulation for IRAK/ABT-NP. The Box-Behnken design form and response values (Y) of drug loading from a total of 15 experiments are presented in [Table 2](#t2-ijn-12-8025){ref-type="table"}. Analysis of the data of Box-Behnken design was performed using Minitab 18 software. The following equation in coded units was generated for predicting maximum of Y.

Y is drug loading (%), and A, B and C are coded values for polymer concentration (%), oil phase:water phase (V/V), and emulsifier concentration (%), respectively.

ANOVA was tested using response surface regression, and the results are presented in [Table 3](#t3-ijn-12-8025){ref-type="table"}. The model equation has an *F*-value of 183.07 and a *p*-value of 0, which indicates that it was statistically significant. Lack-of-fit value of the model has a *p*-value of 0.138 exceeding the confidence level of 0.05. This implies that the model equation was well fitted to predict the maximum of Y without significant lack items. According to the coefficient *R*^2^ value of 0.9970, 99.70% of variability in drug loading of IRAK/ABT-NP can be explained by this model equation. The adjusted *R*^2^=0.9915 was close in value to the predicted *R*^2^=0.9555, which ensured high correlation between observed and predicted values in this model, since the difference is below 0.2.[@b30-ijn-12-8025] The interaction of A and B factors has a *p*-value of 0.006 which suggests that A and B factors had cross-impact on response value.

To further analyze how each independent variable affects response value, three-dimensional response surface plots and contour plots were graphed using Minitab 18 software to display the relationship between three variables and response value Y. As shown in the three-dimensional response surface plots ([Figure 1A--C](#f1-ijn-12-8025){ref-type="fig"}), the biggest change range in Y value is caused by variable A, which indicates that polymer concentration is the main factor affecting drug loading of IRAK/ABT-NP. Variable B has the second largest effect on response value Y.[@b31-ijn-12-8025] Comparing areas of Y value more than 7.5 in contour plots for Y, variable B and C have a small variable range at a fixed level of variable A ([Figure 1D--F](#f1-ijn-12-8025){ref-type="fig"}). It was also confirmed that variable A is the main factor. Then, we calculated the coded variables for the optimized formulation through solving the model equations and found that A =0.65, B =0.19, and C =0.82. Optimized IRAK/ABT-NP parameters comprised of 2.98% polymer in acetonitrile, 1:8.33 oil phase to water phase ratio, and 2.12% emulsifier concentration based on the prediction model. Experiments were performed in triplicate according to the optimized formulation to evaluate the prediction accuracy of the model equation. Predicted and experimental response values are presented in [Table 4](#t4-ijn-12-8025){ref-type="table"}. Observed experimental values were in close agreement with the predicted values (relative standard deviation \<2%). Agreement between the results indicate the significance and validity of the model.

Characterization of IRAK/ABT-NP
-------------------------------

DLS analysis revealed that the optimal IRAK/ABT-NP formulation had an average diameter of 100 nm and a zeta potential of −5.1 mV. Additionally, surface morphology was studied by SEM ([Figure 2A](#f2-ijn-12-8025){ref-type="fig"}) and TEM ([Figure 2C](#f2-ijn-12-8025){ref-type="fig"}), revealing that particles were spherical with a smooth surface and monodispersed, which was consistent with the result of DLS analysis ([Figure 2B](#f2-ijn-12-8025){ref-type="fig"}). The confocal images of IRAK1/4 inhibitor and ABT-737 labeled with different fluorescent dyes showed the status of these two drugs in PEG-PLGA polymer nanoparticles ([Figure 2D](#f2-ijn-12-8025){ref-type="fig"}). Both IRAK1/4 inhibitor and ABT-737 showed sustained release kinetics from PEG-PLGA NP ([Figure 2E](#f2-ijn-12-8025){ref-type="fig"}). Approximately 35% and 25% of IRAK1/4 inhibitor and ABT-737 were released from IRAK/ABT-NP respectively within 24 hours. After 24 hours, IRAK/ABT-NP presented slower sustained release profiles. Over 80% of IRAK1/4 inhibitor was released after 72 hours, but less than 60% of ABT-737 was after 120 hours.

Cellular uptake of IRAK/ABT-NP in Jurkat cells
----------------------------------------------

Fluorescently labeled ABT-737 was used to evaluate the uptake of combined IRAK1/4 inhibitor and ABT-737 solution and IRAK/ABT-NP in Jurkat cells. ABT-737 in IRAK/ABT-NP showed more cellular uptake than ABT-737 in the combined solution ([Figure 3A](#f3-ijn-12-8025){ref-type="fig"}). Cells treated with IRAK/ABT-NP had approximately nine times higher cellular uptake of ABT-737 than cells treated with combined solution ([Figure 3B](#f3-ijn-12-8025){ref-type="fig"}).

Cell growth inhibition of IRAK/ABT-NP
-------------------------------------

Cell growth inhibition following IRAK/ABT-NP treatment was evaluated in Jurkat cells by MTT analysis method and was compared to cell growth inhibition following treatment with IRAK1/4 inhibitor alone or IRAK1/4 and ABT-737 combined solution ([Figure 4](#f4-ijn-12-8025){ref-type="fig"}). The IRAK1/4 inhibitor alone had almost no killing efficacy in Jurkat cells. IC~50~ of the combined solution was 3.8 µM, which is much less than the 5.7 µM IC~50~ of ABT-737 alone. These results indicate that IRAK1/4 inhibitor augments the cytotoxic activity of ABT-737 in the combined solution. However, IRAK/ABT-NP had the lowest IC~50~ of 1.7 µM, which suggests that it has the most potential killing ability of Jurkat cells compared to the other formulations.

Cell apoptosis induced by IRAK/ABT-NP
-------------------------------------

Annexin V-FITC and 7-AAD double staining was performed to determine the induced apoptosis in Jurkat cells following treatment with PBS, IRAK1/4 inhibitor, ABT-737, combined solution, and IRAK/ABT-NP. Flow cytometry was used to analyze the percentage of apoptosis ([Figure 5](#f5-ijn-12-8025){ref-type="fig"}). In the PBS treated cells group, the percentage of double negative (Annexin V and 7-AAD cells negative) live cells was as high as 99.6%. After treatment with IRAK1/4 inhibitor, the percentage of Annexin V positive live cells increased to 90%, but there were no 7-AAD positive cells. This suggests that IRAK1/4 inhibitor could not induce late apoptosis in Jurkat cells. In the group of cells treated with ABT-373, 7-AAD positive cells increased to 6.8%, while in the cells treated with combined solution apoptotic cells increased to 39%. However, IRAK/ABT-NP increased apoptotic cells up to 86.4%. These data show that IRAK/ABT-NP induced the greatest proportion of late apoptotic cells in Jurkat cells.

Efficacy in PDX mouse model
---------------------------

To evaluate efficacy of IRAK/ABT-NP in Jurkat cell xenograft mouse models, WBC in peripheral blood were measured after 4 weeks of treatment. WBC number in mice treated with IRAK1/4 inhibitor alone and ABT-737 alone showed no significant difference compared to PBS treated mice ([Figure 6B](#f6-ijn-12-8025){ref-type="fig"}). WBC number was significantly decreased in the ombined solution treated mice compared to PBS treated mice. Approximately 30% of mice showed a recovery of WBC number to the normal range of 2.6--10×10^3^/µL after treatment with IRAK/ABT-NP.[@b32-ijn-12-8025] The WBC data suggest that IRAK/ABT-NP could better improve lymphoid blast in T-ALL mouse model than other formulations. To confirm the improved efficacy of IRAK/ABT-NP in the treatment of T-ALL mouse model, smears of peripheral blood from each group were prepared to check preliminary impression of numbers of lymphoblastic leukemia cells after 4 weeks' treatment. The blue color cells indicate lymphoblastic leukemia cells stained by Wright-Giemsa method ([Figure 6A](#f6-ijn-12-8025){ref-type="fig"}). Therefore, it can be seen that combined solution treatment reduced amounts of lymphoblastic leukemia cells. But the amounts had almost no change in mice treated with IRAK1/4 inhibitor alone and ABT-737 alone, which was consistent with WBC results. Most of the lymphoblastic leukemia cells disappeared in IRAK/ABT-NP treated mice. The mice with IRAK/ABT-NP treatment showed significantly longer median survival compared to the mice treated with combined solution (50 days vs 65 days, *p*\<0.0001 by Log-rank test) ([Figure 6C](#f6-ijn-12-8025){ref-type="fig"}). All these data support IRAK/ABT-NP as having the best potential therapeutic efficacy in T-ALL mouse model.

Discussion
==========

Combination therapies have become increasingly popular in the treatment of cancer due to the limitations of single drugs in treating the dynamic and versatile properties of malignant tumors.[@b33-ijn-12-8025] ABT-737 can induce cell apoptosis through selective inhibition of Bcl-xL and BCL-2, while also having no effect on MCL1. IRAK1/4 inhibitor can dramatically reduce MCL1 level in T-ALL cells.[@b34-ijn-12-8025],[@b35-ijn-12-8025] Therefore, combining these drugs can generate a synergetic effect on killing T-ALL cells. Using this knowledge, IRAK1/4 inhibitor and ABT-737 were co-encapsulated into PEG-PLGA polymer nanoparticles to further enhance the synergetic effect on killing T-ALL cells and improve patient complication. IRAK1/4 inhibitor and ABT-737 are both poorly soluble in water, which will facilitate high encapsulation efficiency in the polymer nanoparticles.[@b36-ijn-12-8025] This is the reason why only drug loading was selected as a response value when we used BBD-RSM to optimize the formulation of IRAK/ABT-NP. The release rate of IRAK1/4 inhibitor was faster than that of ABT-737, and this was likely due to the smaller molecular weight of the IRAK1/4 inhibitor than ABT-737. Therefore, IRAK1/4 inhibitor could more easily diffuse out from particles. Compared with the combined solution, IRAK/ABT-NP exhibited greater cytotoxicity and induced more apoptosis in the T-ALL cell line. These effects could be explained by IRAK/ABT-NP which had a higher uptake and sustained release in tumor cells.

Conclusion
==========

In this study, formulation of IRAK/ABT-NP was optimized to achieve high drug loading using BBD-RSM. The optimal IRAK/ABT-NP have a spherical shape and uniform size distribution. In vitro release profiles displayed sustained release of both drugs from the nanoparticles, and a faster release rate of IRAK1/4 inhibitor than ABT-737. IRAK/ABT-NP presented greater killing ability of Jurkat cells than the combined solution. IRAK/ABT-NP also showed better efficacy than the combined solution in treatment of T-ALL mouse model. All these data support our hypothesis that IRAK/ABT-NP may be a promising candidate for therapy of T-ALL.
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![Three-dimensional response surface plots and contour plots for Y as a function of two of three variables at a fixed value of the third one variable.\
**Notes:** Response surface plot for Y as a function of (**A**) polymer concentration and volume ratios of oil phase to water phase at fixed emulsifier concentration, (**B**) polymer concentration and emulsifier concentration at fixed volume ratios of oil phase to water phase, (**C**) volume ratios of oil phase to water phase and emulsifier concentration at fixed polymer concentration, (**D**--**F**) contour plots for Y as a function of two of three variables at a fixed value of the third one variable as (**A**--**C**). Y is drug loading (%), and A, B and C are coded values for polymer concentration (%), oil phase:water phase (V/V), and emulsifier concentration (%), respectively.](ijn-12-8025Fig1){#f1-ijn-12-8025}

![Characterization of IRAK/ABT-NP.\
**Notes:** (**A**) SEM image of IRAK/ABT-NP, (**B**) size and size distribution of IRAK/ABT-NP, (**C**) TEM image of IRAK/ABT-NP. (**D**) Confocal laser scanning microcopy images of fluorescently labeled IRAK1/4 inhibitor and ABT-737 co-encapsulated in IRAK/ABT-NP, (**E**) In vitro release of drugs from IRAK/ABT-NP.\
**Abbreviations:** IRAK/ABT-NP, IRAK1/4 inhibitor and ABT-737 co-encapsulated into polyethylene glycol modified poly (lactic-co-glycolic acid) nanoparticles; SEM, scanning electron microscopy; TEM, transmission electron microscopy.](ijn-12-8025Fig2){#f2-ijn-12-8025}

![(**A**) Representative fluorescence images of uptake of IRAK/ABT-NP in Jurkat cells compared to the IRAK1/4 and ABT-737 combined solution, (**B**) fluorescence intensity analysis of images from (**A**).\
**Abbreviation:** IRAK/ABT-NP, IRAK1/4 inhibitor and ABT-737 co-encapsulated into polyethylene glycol modified poly (lactic-co-glycolic acid) nanoparticles.](ijn-12-8025Fig3){#f3-ijn-12-8025}

![In vitro cell viability of Jurkat cells treated with IRAK/ABT-NP, IRAK1/4 inhibitor alone, ABT-737 alone and combined solution at different concentrations.\
**Abbreviation:** IRAK/ABT-NP, IRAK1/4 inhibitor and ABT-737 co-encapsulated into polyethylene glycol modified poly (lactic-co-glycolic acid) nanoparticles.](ijn-12-8025Fig4){#f4-ijn-12-8025}

![Annexin V/7-AAD staining used for flow cytometry analysis of apoptosis in Jurkat cells induced by IRAK/ABT-NP compared to IRAK1/4 inhibitor alone, ABT-737 alone and combined solution.\
**Abbreviation:** IRAK/ABT-NP, IRAK1/4 inhibitor and ABT-737 co-encapsulated into polyethylene glycol modified poly (lactic-co-glycolic acid) nanoparticles.](ijn-12-8025Fig5){#f5-ijn-12-8025}

![(**A**) Representative images of peripheral blood smears from T-ALL xenograft mice after treatment with IRAK/ABT-NP, IRAK1/4 inhibitor alone, ABT-737 alone and combined solution. (**B**) Changes of WBC in T-ALL xenograft mice after treatment with drugs in different formulations. (**C**) Survival curves in each treated group of mice.\
**Abbreviations:** T-ALL, T cell acute lymphoblastic leukemia; IRAK/ABT-NP, IRAK1/4 inhibitor and ABT-737 co-encapsulated into polyethylene glycol modified poly (lactic-co-glycolic acid) nanoparticles; WBC, white blood cells.](ijn-12-8025Fig6){#f6-ijn-12-8025}

###### 

Selective variables level in Box-Behnken design

  Variables   Factors                        Code         
  ----------- ------------------------------ ------ ----- ------
  A           Polymer concentration (%)      0.5    2     3.5
  B           Oil phase:water phase (V/V)    1:1    1:7   1:13
  C           Emulsifier concentration (%)   0.5    2     3.5

###### 

Box-Behnken design and matrix and corresponding responses

  Run   Variables   Responses        
  ----- ----------- ----------- ---- -----
  1     0           0           0    7.5
  2     −1          1           0    2.7
  3     −1          −1          0    0.9
  4     1           0           −1   5.4
  5     −1          0           1    1.5
  6     0           1           −1   5.5
  7     0           −1          −1   5.3
  8     1           1           0    5.6
  9     1           0           1    6.4
  10    1           −1          0    5.7
  11    0           1           1    6.5
  12    0           0           0    7.4
  13    0           −1          1    5.3
  14    −1          0           −1   1.4
  15    0           0           0    7.3

**Notes:** Y is drug loading (%), and A, B and C are coded values for polymer concentration (%), oil phase:water phase (V/V), and emulsifier concentration (%), respectively.

###### 

ANOVA results for response Y (drug loading)

  Source              *df*   Adj SS    Adj MS    *F*-value   *p*-value
  ------------------- ------ --------- --------- ----------- -----------
  Model               9      70.0235   7.7804    183.07      0
  Linear              3      36.1975   12.0658   283.9       0
  A                   1      34.445    34.445    810.47      0
  B                   1      1.2013    1.2013    28.26       0.003
  C                   1      0.5513    0.5513    12.97       0.016
  Square              3      32.471    10.8237   254.67      0
  A\*A                1      29.4669   29.4669   693.34      0
  B\*B                1      2.6677    2.6677    62.77       0.001
  C\*C                1      2.9908    2.9908    70.37       0
  2-way interaction   3      1.355     0.4517    10.63       0.013
  A\*B                1      0.9025    0.9025    21.24       0.006
  A\*C                1      0.2025    0.2025    4.76        0.081
  B\*C                1      0.25      0.25      5.88        0.06
  Error               5      0.2125    0.0425                
  Lack-of-fit         3      0.1925    0.0642    6.42        0.138
  Pure error          2      0.02      0.01                  
  Total               14     70.236                          

**Notes:** *R*^2^=0.9970, adjusted *R*^2^=0.9915, and predicted *R*^2^=0.9555. Y is drug loading (%), and A, B and C are coded values for polymer concentration (%), oil phase:water phase (V/V), and emulsifier concentration (%), respectively.

**Abbreviations:** *df*, degrees of freedom; Adj SS, adjusted sum of squares; Adj MS, adjusted mean square.

###### 

Predicted and experimental response values of optimized condition

  Response   Predicted value   Experimental value   Prediction error (%)
  ---------- ----------------- -------------------- ----------------------
  Y          7.31              7.4                  0.12

**Notes:** Prediction error, relative standard deviation \<2%. Y is drug loading (%).
